Abstract: A few models to simulate surface runoff generation at the agricultural field scale are available. However, most of the available models are developed for particular setup with certain assumptions, which preclude their universal use. There are no guidelines to choose a model best suited for a particular agricultural field. The major objective of this study is to estimate the surface runoff in the Muda irrigation scheme, by applying seven well-known hydrological models. The surface runoff amounts estimated using these models are compared with the observed runoff collected at an agricultural block in the scheme. The model performances are evaluated based on the mean runoff to precipitation ratio, relative mean absolute error, and the coefficient of determination criteria. The results suggest that the Smith-Parlange nonlinear model has matched satisfactorily with the observed surface runoff. The performances of the Philip, ARNO and Morel-Seytoux models are found to be close to the Smith-Parlange model. Thus, the mean runoff estimated by Smith-Parlange, Philip, ARNO, and Morel-Seytoux models can be regarded as the surface runoff in the study area.
Introduction
Estimation of runoff in agricultural field is crucial for an understanding of the underlying processes of soil erosion, nutrient loading, non-point sources of pollution, flooding, etc. as well as to manage water resources (Santra and Das, 2013; Katimon et al., 2013; Deelstra et al., 2014; Ramos and Martinez-Casasnovas, 2014) . However, the runoff estimation in agricultural field is complicated as the hydrologic settings in agricultural fields are altered by agricultural activities, such as changes in land use, introduction of dykes and ditches (Coles et al., 1997; Kang et al., 2001; Moussa et al., 2002; Cerdan et al., 2004; Burt and Slattery, 2006; Han et al., 2012; Levavasseur et al., 2012; Viero et al., 2014) . Different agricultural features over a crop cycle influence soil crust and root growth and thus infiltration capacity (Feng et al., 2011; Gozubuyuk et al., 2014) . Crops with different leaf area index (LAI) have different coefficients of rainfall interception (Gigante et al., 2009 ). Furthermore, hydrological connectivity in agricultural fields is also different from natural catchments (Levavasseur et al., 2012) . Hydrological connectivity in agricultural field is influenced by the lateral preferential flow or rill induced by agricultural linear features, such as furrows, back furrows and ditches (Cerdan et al., 2004; Lesschen et al., 2009; Slattery et al., 2006; Han et al., 2012) . Specifically, water movement from agricultural fields to catchment outlets is influenced by dykes and ditches, which usually accelerate runoff by concentrating the flow (Moussa et al., 2002) . Therefore, the dominant runoff processes through which rainfall appears as runoff are difficult to characterise in agricultural catchments.
Generally, mathematical or empirical models describing rainfall-runoff relations are used to produce the surface runoff in response to rainfall. A number of such models for simulating agricultural runoff are Philip (1957) model, Green and Ampt (1911) model, Smith and Parlange (1978) model, Morel-Seytoux (1978) model, CREAMS (Knisel, 1980) , AGNPS (Young et al., 1989) , Soil Conservation Service (SCS, 1993) model, ARNO (Todini, 1996) , SWAT (Arnold et al., 1998) , Singh and Yu (1990) model, etc. These models are different from each other in their structures and require different initial values of model parameters. The models were developed for a particular setup with the aim to operate under specific conditions (Bhardwaj and Kaushal, 2009 ) and therefore, their widespread applications may be limited. Furthermore, it is not always clear which rainfall-runoff model should be used for a particular setup and situation (Singh and Woolhiser, 2002) .
Mechanisms of runoff generation are always site or context-specific (Cerdan et al., 2004) . This is especially true for agricultural field as it is significantly influenced by the nature of local agricultural activities. Mathematical formulations of a rainfall-runoff model always play an important role in determining the problems, situations, or conditions for which the model is most suitable (Borah et al., 2003; Bhardwaj and Kaushal, 2009) . Comparison of few models always shows that no single model works well in every situation of runoff on the watersheds (Bingner et al., 1989) .
The objective of this study is to estimate the surface runoff in an agricultural field known as Muda Irrigation Scheme, located at Kedah in the north of peninsular Malaysia. The Muda Irrigation Scheme is the largest paddy field in Malaysia, which accounts for 40% of the total rice production in the country (Tukimat et al., 2012) . Thus, reliable estimation of surface runoff is very essential for water resources planning and management in the scheme.
The agricultural catchments of Malaysia are poorly gauged. In most cases, enough information are not available for hydrological model calibration. This is especially true for the Muda Irrigation Scheme, where streamflow records are not available for model calibration. Moreover, good runoff prediction by a calibrated model does not necessarily mean that the parameters have been determined precisely and that they may be related to physically measurable catchment characteristic (Lange and Leibundgut, 1999) . Hence, the objective of the present study is to test rather simple uncalibrated rainfall-runoff models for a large agricultural field incorporating only measurable parameters and testing them with existing field data.
Study area
The Muda irrigation scheme is located in the state of Kedah in the north of peninsular Malaysia (Figure 1 ). The total area of the Muda Irrigation Scheme is 1,260 km 2 , out of which 970 km 2 is under the double cultivation of paddy. It is the largest double cropping area in Malaysia. The topography of the area is extremely flat. The elevation varies from 4.5 m in the inland fringe to 1.5 m in the coastal area. The soil in the region contains heavy clays. The soil mainly consists of marine sediments deposited during the rise in sea level (Furukawa, 1976) . The coefficient of permeability of the soil varies from 1 × 10 -7 to 8 × 10 -5 cms -1 (Kitamura, 1990) . The physio-chemical components of sub-soils in the area consist of 62% clay, 27% silt, 10.7% sand, and some other material such as carbon (0.3%), nitrogen (0.05%), etc. (Paramananthan, 1989) . The climate of the area is characterised by uniform high temperature, high humidity and copious rainfall. The climate can be loosely divided into four seasons:
1 the north-east monsoon from December to March 2 a transitional period from April to May 3 the south-west monsoon from June to September 4 the transitional period from October to November.
Data and methods

Data
Available observed data and information of the study area, including information available in the literature, were used in the present study. The irrigation scheme is divided into 172 irrigation blocks with an average size of 560 hectares. The field runoff measured by Kitamura (1990) at an irrigation block named SCRBD5b (central canal right bank drain 5b) situated in the south-western part of the Muda Irrigation Scheme area was used in the present study as the observed data. Since the measurement of surface runoff is extremely difficult due to the flat topography in the Muda area, the movement of water was observed based on the measurement of the variation of the ponding depth in the fields, which consists of seepage and percolation losses as well as surface runoff. The seepage and percolation losses were separated to estimate the surface runoff (Kitamura, 1990) .
In this study, the values of seepage and percolation losses were obtained through literature review. Kitamura (1987 Kitamura ( , 1990 observed the average seepage and percolation loss during the paddy growth stage as 0.9 mm d -1 in the area. MADA (1977) and Teoh and Chua (1989) . Considering the presaturation and supplementary periods in the time period in which water is required for paddy cultivation, the water balance for the five cropping seasons were calculated. These included three dry (March-August) seasons (1984) (1985) (1986) , where the total observation time was 530 days and two wet (September-February) seasons (1984) (1985) , where the total observation time was 305 days. The total water applied (rainfall and irrigation) to the field and surface runoff including seepage and percolation were measured to be 7,353 mm and 3,393 mm, respectively. After deducting the loss due to seepage and percolation (1 mm d -1 ), the mean surface runoff during the total observation periods was found to be 34.79% of the total applied water, i.e., runoff to rainfall (R/P) ratio of 0.3479.
Methods
Seven hydrological models, namely, ARNO rainfall-runoff model (Todini, 1996) , Soil Conservation Service (SCS, 1993) model, Green and Ampt (1911) model, Philip (1957) model, Smith and Parlange (1978) model, Morel-Seytoux (1978) model, and Singh and Yu (1990) model were used in this study to assess their performances in estimating the surface runoff in the Muda Irrigation Scheme. Out of these seven models, two are runoff models (ARNO rainfall-runoff model and SCS model) and five are representatives of the two classes of infiltration models, namely, physically based models (Green and Ampt, 1911; Philip, 1957; Smith and Parlange, 1978; Morel-Seytoux, 1978) , and semi-empirical model (Singh and Yu, 1990) . ARNO is a semi-distributed conceptual rainfall-runoff model (Todini, 1996), and SCS (1972) model is an empirical model. Brief details of the models are provided in Sub-Sections 3.2.2 to 3.2.8.
Water balance equation
The water balance can be calculated by using equation (1). When all variables, except the runoff, are known then runoff can be computed using the following equation (1) (Ali et al., 2003) 
W t t W t P t t t ET t t t R t t t F t t t S t t t IR t t t
where W(t + Δt) is the soil moisture content at time t + Δt; W(t) is the soil moisture content at time t; P(t, t + Δt) is the aerial precipitation, ET p (t, t + Δt) is the potential evapotranspiration, R(t, t + Δt) is the runoff, F(t, t + Δt) is the infiltration loss to groundwater, S l (t, t + Δt) is the seepage loss, and IR(t, t + Δt) is the irrigation amount supplied between t, t + Δt respectively.
ARNO rainfall-runoff model
The ARNO is a semi-distributed conceptual rainfall-runoff model (Todini, 1996) , which has been applied widely for catchment simulation. The ARNO model divides the total surface area ST into impervious SI and pervious SP areas, and estimates runoff as (Todini, 1996) :
and ( )
where R is runoff (mm); M e is the difference between rainfall and potential evapotranspiration; W is the average soil moisture content (mm); W m is the average soil moisture content at saturation (mm); and b is the parameter of soil moisture curve (generally lies between 0.1 and 0.01).
The model estimates the relationship between the average and the elementary area soil-moisture storage quantities as:
where w is the elementary area soil moisture at saturation (mm). The details of the model can be found in Todini (1996) .
SCS model
The SCS (1993) model is an empirical model, used widely for estimating the depth of excess precipitation or direct runoff on small to medium-sized ungauged drainage basins. The basic assumption of the SCS model is that the ratios of the two actual to the two potential quantities are equal, that is, for any rainfall event the precipitation (P), runoff (Q), cumulative retention F (F ≤ S), and initial abstraction before ponding I a , are related by
where S is the potential maximum retention capacity of the soil, and (P -I a ) is the potential runoff.
From continuity principle e a P P I F = + +
where P e is the rainfall excess.
According to SCS (1993) model, the initial abstraction I a , is directly related to the maximum retention S,
Merging equations (6) and (7) to solve for Q gives
To standardise the application of the model, the potential retention S, is expressed in the form of a dimensionless runoff curve number, CN, where CN is related to S by 1, 000 10 0.0394
where S is in mm.
Green and Ampt model
The Green and Ampt (1911) model is an approximate theory-based infiltration model utilising Darcy's law. The Green-Ampt equation for cumulative infiltration for homogeneous soils can be obtained as
Once F is found from equation (10), the infiltration rate, f = dF / dt, can be obtained from
where ψ is the Green-Ampt wetting front suction parameter, K is the hydraulic conductivity of soil, Δθ is the change in moisture content, and t is time.
After laboratory tests of many soils Brooks and Corey (1964) concluded that ψ can be expressed as a logarithmic function of an effective saturation s e . If the residual moisture content of the soil after it has been thoroughly drained is denoted by θ r , the effective saturation is the ratio of the available moisture θ -θ r to the maximum possible available moisture content η -θ r :
( 1 2 ) where η -θ r is called the effective porosity θ e . The effective saturation has the range 0 ≤ s e ≤ 1.0, provided 0 ≤ θ ≤ η. For the initial condition, when θ = θ i , cross-multiplying equation (12) gives θ i -θ r = s e θ e and the change in the moisture content when the wetting front passes is Δθ = η -θ i = η -(s e θ e + θ r ) therefore ( )
The Green-Ampt wetting front suction parameter, ψ to the soil properties can be obtained by the following equation (Rawls and Brakensiek, 1983) : 
The Brooks-Corey residual water content θ r can be estimated from 
( 1 5 ) where S is the percent sand, C is the percent clay, and η is the soil porosity. The area which is bare outside canopy is assumed to be crusted and the effective hydraulic conductivity is equal to the saturated hydraulic conductivity K s times a crust factor CRC. Rawls et al. (1990) developed the following relationship for the crust factor:
( 1 6 ) where SC = correction factor for partial saturation of the soil = 0.736 + 0.0019S; Ψ i = matric potential drop at the crust-subcrust interface = 45.19 -46.68 (SC), cm; and L = wetting front depth, cm The cumulative infiltration at the ponding time t p is given by F p = it p , where i is the constant intensity rainfall (cmh -1 ); and the infiltration rate by f = i; substituting into equation (11),
Philip model
Philip (1957) proposed that the first two terms of his series solution could be used as an infiltration model. The model is
where f is the infiltration rate (cm h -1 ), t is time from ponding (h), S v is the sorptivity (LT -0.5 ), K s is the saturated hydraulic conductivity (cm/h), and S v can be approximated using the following equation developed by Youngs (1964): ( )
The saturated hydraulic conductivity, K s (cm h -1 ) can be estimated from (Brooks and Corey, 1964) :
where n = 3 + 2 / λ, and the Brooks-Corey pore-size distribution index, λ can be estimated from 
Smith-Parlange nonlinear model
Smith and Parlange (1978) nonlinear infiltration model is:
where K s is the saturated hydraulic conductivity, F is the cumulative infiltration, and C is a parameter, which is related to the soil sorptivity and varies linearly with the initial moisture and also depends on the amount and pattern of rainfall intensity. Parameters C and K s can either be determined graphically or using a regression approach utilising infiltration data. The parameter C is ( )
where Ψ avg is an 'average' capillary tension across the 'wetting front. ' Mein and Larson (1973) proposed a relation
Morel-Seytoux model
Morel-Seytoux (1978) model is a modified form of Green and Ampt (1911) 
where 
where H c [L] is the capillary height. Singh and Yu (1990) model is based on two assumptions that excess infiltration rate at any time is directly proportional to the m th power of the available storage space in the soil column at that time, and inversely proportional to the n th power of the cumulative infiltration up to that time. Mathematically, the model is expressed as,
Singh-Yu model
where f(t) is the infiltration rate (LT -1 ) at time t, f c is the final infiltration rate, S(t) is the available storage for water retention in the soil column at time t (L), S 0 is the potential storage space available for moisture retention in soil column at the beginning (L), and a, m, and n are the coefficient and exponents of the variables S(t) and (S 0 -S(t)), respectively. The cumulative infiltration F is equal to (S 0 -S(t)).
Evaluation of performance of models
Several statistical measures, namely, correlation coefficient, coefficient of determination (R 2 ), variance, relative mean absolute error (RMAE), Nash and Sutcliffe (1970) efficiency, etc., are available to evaluate the performance of a model. The RMAE, which incorporates both systematic and random errors, mean runoff to rainfall (R/P %) and the coefficient of determination (R 2 ), were used in this study to assess the model performance. The RMAE can be expressed as 
Due to the limitation of good quality field data, calibration of any or all of the above mentioned models is a challenge for many agricultural fields around the world. Very similarly the situation of the Muda irrigation scheme where the limitation of the field data does not allow a comprehensive calibration of models mentioned above. Calibration increases model accuracy and in the absence of calibration model, predictions may be uncertain. If measured data is not available then studies on uncertainty assessment or sensitivity analysis of model parameters may not be carried out. We considered Sivapalan et al. (2003) and the whole initiative of Prediction in Ungauged Basins (PUB, http://pub.iahs.info/) of the International Association of Hydrological Sciences regarding modelling ungauged catchments. The main recommendation of leading hydrologists around the world who participated in this initiative (Sivapalan et al., 2003; Sivapalan, 2006) about simulating ungauged basin was on using a model, with limited calibration and on improving the understanding of the processes with modelled results to compensate for the limitation of calibration. Furthermore, they recommended to use new data points, which may appear in future, to compare the model results and if needed to update the model parameters.
Results and discussion
In this study, the surface runoffs were estimated using the models discussed above, without any calibration of the model parameters. The obtained results by using different models are explained in the following sections. The step-by-step calculation of surface runoff by one of the runoff models and one of the infiltration models are given in Tables 1 and 2 , respectively.
ARNO rainfall-runoff model
The monthly average rainfall data available at 53 locations over the time period 1971-1997 and the Penman-Monteith ET p values (Ali and Lee, 2009) were used in the present study to estimate the surface runoff. The observed total existing water, which represents the percentage of soil saturation up to 1 m depth, was converted into moisture content and then averaged. Following Yashima (1984) , the existing water in the soil was estimated from the groundwater level in the pond. The increase in soil water due to a rise of groundwater level from 100 cm depth was considered as existing water in the soil. The converted data were averaged to estimate the moisture content W m during dry (February to July) and wet (August to January) seasons. The probable maximum soil moisture content W m in the study area was found to be 85 mm for fully saturated soil (Kitamura, 1987; Ali et al., 2000) , thus b in equation (4) was estimated as 0.01 to keep W m close to 85 mm. The step-by-step procedure of estimating surface runoff is shown in Table 1 . The results show no runoff (0.0 mm) during December to March (i.e., M e < 0), maximum (183.1 mm) in September, and the mean runoff was 24.42% of the rainfall in the corresponding months (Table 3) . Table 1 Step-by-step procedure of calculating surface runoff using ARNO rainfall-runoff model 
Table 2
Step-by-step procedure of calculating infiltration using Green-Ampt model Time step, t = 1 h 1.00
1.00
1.00 Note: * Observed data; ** Calculated mean monthly runoff from experiment Source: Kitamura (1990) 
SCS model
The soil in the study area may typically be considered as a combination of fallow cover type and row cover type, comprising of hydrologic soil group D, meaning that soils are heavy plastic clay type in nature that swells considerably when wet. Therefore, the resulting curve number was chosen based on the bare soil, crop residue cover and row crops (straight row with poor and good conditions only). The CN was considered as an average value of these curve numbers, i.e., CN = (94 + 93 + 90 + 91 + 89) / 5 = 91.4. The value of rainfall intensity was assumed to be an average rainfall intensity of one-day probable maximum precipitation measured at the Airport Station close to the study area, Kedah, Malaysia (Al-Mamun and Hashim, 2004) . The storage value was found to be 23.88 mm. The infiltration rates (mm h -1 ) in each month were estimated, and these values were used in equation (1) to estimate the mean surface runoff for each month as given in Table 3 . The model runoffs are found to be 0.0 mm in the months of December to March and a maximum of 162.4 mm in September (Table 3 ). The mean runoff was estimated as 18.22% of the rainfall of the corresponding months.
Green and Ampt model
Using the soil properties reported by Paramananthan (1989) , the porosity, residual moisture content, the effective porosity, and the soil suction head were computed. The soil in the Muda area is heavy clay type with a coefficient of permeability varying between 1 × 10 -7 and 8 × 10 -6 cm s -1 (Kitamura, 1990) . The coefficient of permeability varies in different months as a function of soil moisture content in each month, with the highest value (i.e., 8 × 10 -6 cm s -1 ) for dry soil and vice-versa. The area which is bare or outside the canopy was assumed to be crusted and the effective hydraulic conductivity was considered equal to the saturated hydraulic conductivity K s times a computed crust factor CRC of 0.71. These values were used to estimate the mean hourly cumulative infiltration and infiltration rate using the Green-Ampt model. The step-by-step procedure of calculating infiltration using the Green-Ampt model is shown in Table 2 . Finally, the surface runoffs were calculated for different months using equation (1) as shown in Table 3 . The results show no surface runoff during December to April and in June, a maximum runoff of 90.7 mm in October, and the mean runoff was only 8.29% of the total precipitation of the corresponding months (Table 3) .
Philip model
The required inputs for this model are mainly the physio-chemical properties of soil, and moisture content. In calculating the saturated hydraulic conductivity K s for different months [equation (18)], the effective saturation values for different months were taken from the Green-Ampt model. The computed values of K s were found to be comparatively higher than the soil hydraulic conductivity during December to February and therefore, the values of K s during December to February were considered equal to the maximum value obtained in March. The hourly cumulative infiltration and infiltration rate were estimated, and the surface runoff was calculated for different months using equation (1) as shown in Table 3 . The model simulated no surface runoff during December to March, maximum runoff 182.1 mm in September, and the mean runoff was 24.28% of the total rainfall of the corresponding months (Table 3) .
Smith-Parlange nonlinear model
In calculating the runoff using Smith-Parlange nonlinear model, the considerations were:
1 the values of the cumulative infiltration F were obtained from the Green-Ampt model 2 the K s values were obtained from the Philip model 3 the value of K i was assumed equal to K value 4 y value was taken from the Green-Ampt model to calculate y avg 5 the initial water content q i for each month was assumed to be the respective moisture content θ in each month 6 the θ values were considered 99.9% in May and August instead of 100% in order not to get zero value of C, because zero value of C results FK s / C infinity and produces unrealistic result.
The hourly infiltration rates and the corresponding cumulative infiltration amounts for each month were calculated and hence, the resulting mean surface runoffs for different months were calculated using equation (1) as shown in Table 3 . The results show no runoff during the months of December to March, a peak runoff of 187.1 mm in September, and the mean runoff was 25.46% of the rainfall accounted in the corresponding months (Table 3 ).
Morel-Seytoux model
In calculating the hourly cumulative infiltration F(t) and the infiltration rate f(t), the considerations are:
1 the saturated hydraulic conductivity value, K s was obtained from the Philip model 2 the y value was obtained from the Green-Ampt model and set identical to H c value 3 the value of rainfall intensity was assumed to be an average rainfall intensity of one-day probable maximum precipitation estimated at the Airport Station close to the study area, Kedah, Malaysia (Al-Mamun and Hashim, 2004) 4 the initial water content q i was assumed to be the respective moisture content θ in each month 5 the value of b was fixed at 1.3.
Using this model, the resulting cumulative infiltration in an hour, F(t) and the corresponding infiltration rate, f(t) were estimated. Finally, the surface runoffs for different months were estimated using equation (1) ( Table 3) . The results show no runoff during December to March, a peak runoff of 180.7 mm in September, and the mean runoff was 23.55% of the rainfall recorded in the corresponding months (Table 3) .
Singh-Yu model
Since the soil in the study area consists of heavy plastic clay, the minimum values of a, m, and n of equation (27) were taken from literature (Mishra et al., 2003) . The hourly cumulative infiltration was taken from the Green-Ampt model (1911) . The potential moisture storage capacity in soil column S 0 was considered equal to S of the SCS model. The potential infiltration rate f c varies from 0.0-0.13 cm h -1 for the hydrologic soil group D (Musgrave, 1955) , from which an average value of (0.0 +0.13)/2, i.e., 0.065 (cm h -1 ) was considered. Since the Muda soil is a very special type of soil with measured daily loss due to seepage and percolation was only 1 mm d -1 (MADA, 1977; Teoh and Chua, 1989) , it is likely that the f c value will be less than 1 mm d -1
. Following the recommendation of Singh (1992) , f 0 / f c was considered as 5 and the infiltration rate f was considered higher than f c , the resulting hourly infiltration rates for different months were estimated. Here f 0 is the initial infiltration rate or maximum infiltration rate. The surface runoffs for different months were estimated using equation (1) as shown in Table 3 . The results show no surface runoff during December to April and in June, a peak runoff of 160.2 mm in September, and the average runoff is 21.04% of the rainfall in the corresponding months (Table 3) .
Evaluation of model performance
The models used in the present study differ by their formulation, the variables considered in estimating runoff, and the model parameters. The procedures of estimating runoff using these models were described. The modelled surface runoff amounts are the typical values without the irrigation supply. As the study area has a flat topography and heavy marine clay type soils so the seepage loss (S l ) was considered to be negligible and therefore was ignored. The model runoff amounts were estimated using the actual soil moisture conditions in different months. No surface storage was considered in the runoff estimation, because it was very difficult to find the surface storage from such a vast irrigation scheme consisting of many small individual plots. Since it was very difficult to measure surface runoff from such a vast study area, the modelled runoff amounts were compared with the runoff measured by Kitamura (1990) in a single plot. A comparison of these model results is shown (Table 3 and Figure 2 ). The ratio of simulated runoff and rainfall was found to be less than the ratio of observed runoff and rainfall for a single plot (34.79%). The differences can be attributed due to the reasons that Kitamura (1990) measured the runoff amount using rainfall and irrigation supplies and the plot was kept saturated throughout the experiment, whereas in this study only rainfall was used to calculate the simulated surface runoff amounts from such a vast area with actual soil moisture conditions in different months. The highest monthly runoff based on the Smith-Parlange model was found to be 187.1 mm in September against the mean monthly observed rainfall of 310.5 mm, producing runoff/rainfall (R/P) response of 0.603. The R/P response may further increase, for example, up to 0.7 as has been observed by Andrieux et al. (1996) .
The overall performances of the other models, except the Green-Ampt and Singh-Yu models, were almost similar to that of the Smith-Parlange model (Table 3) . The model results, except the Green-Ampt and Singh-Yu models, also showed a limited range of variation of the simulated runoff. Thus, this study would be of practical use for water resources management in the Muda Irrigation Scheme and in other similar catchments.
The performance of the models was evaluated based on the mean ratio of modelled runoff to mean observed rainfall, R/P (%), RMAE and R 2 criteria. Within the selected modelling framework, the performance evaluation of the models suggests that the Smith-Parlange nonlinear model has performed better compared to other models and the Green-Ampt model has provided the worst results. The performance of the other models can also be found in Table 3 . The findings are almost similar to the ones reported in the literature (for example, Chahinian et al., 2005) . The performances of the Philip, ARNO and Morel-Seytoux models were found to be close to the Smith-Parlange model. The ARNO model results were based on more consistent data (i.e., observed rainfall and moisture content data) without any assumption. Thus, the mean of the Smith-Parlange, Philip, ARNO and Morel-Seytoux models can be considered as the estimated surface runoff in the study area. The mean annul runoff estimated by these models was 727.5 mm, which is very close to the observed runoff 725.7 mm (Kitamura, 1990 ) measured at the outlet of an agricultural block. The mean maximum runoff was estimated by those models as 183.3 mm in the month of September and no runoff during December to March. Annual runoff of 727.5 mm against the annual rainfall of 2086.4 mm indicates runoff/rainfall (R/P) response in the irrigation scheme as 34.9%. The ratio of runoff and mean rainfall in the month of September gave the highest runoff/rainfall (R/P) response in the scheme as 59%. From Figure 2 , it can be further guessed that the Smith-Parlange, Philip, ARNO and MorelSeytoux models indeed have provided predictions very similar to each other and using their average prediction as the estimated runoff is a good idea. Furthermore, we notice that the simulated results are higher than the observed values, particularly in the wet season. Therefore, in future, when these models are used it needs to be noted that the wet period predictions, even by the best model, has slightly over estimation.
The models results/performances were based on results from lumping all of the fields into one output in such a vast irrigation project. However, the applications of the other available models and/or the use of individual storm events and field data might alter this suitability for the same area. Therefore, a detailed experimental study can be undertaken in future to compare the usefulness of the models for the Muda catchment with heavy marine clay type soil.
Conclusions
Seven hydrological models were used in this study to calculate surface runoff. Available observed data and other information of the study area, and related data and information available in the literature, were used. The coefficient of permeability was varied as a function of soil moisture content in different months, considering the highest value for the dry soil and vice-versa. The surface runoff amounts were estimated without the irrigation supply and seepage loss. Finally, the estimated results were compared. The mean simulated runoff/rainfall was found to be less than the ratio of the observed runoff/rainfall at a single plot. The observations were also found comparable to the ones reported in the literature (Chahinian et al., 2005) . The performances of the models were evaluated based on the mean runoff/rainfall ratio, RMAE and R 2 criteria. Within the selected modelling framework, the evaluation of performance of the models suggests that the Smith-Parlange nonlinear model has performed better than the other models and the Green-Ampt model has produced the worst results. The performances of the Philip, ARNO and Morel-Seytoux models were found to be close to the Smith-Parlange model, and hence the mean of the Smith-Parlange, Philip, ARNO and Morel-Seytoux models can be considered as the estimated surface runoff in the study area. The mean annual runoff estimated by these models was found to be comparable to the observed runoff. Using more field data would help further refine these findings. We recommend experimenting with more data to find out the best model for similar study areas.
